Committee of the International Association of Therapeutic Drug Monitoring and Clinical Toxicology called a meeting of international experts to provide recommendations to guide therapeutic drug monitoring (TDM) of everolimus (EVR) and its optimal use in clinical practice. EVR is a potent inhibitor of the mammalian target of rapamycin, approved for the prevention of organ transplant rejection and for the treatment of various types of cancer and tuberous sclerosis complex. EVR fulfills the prerequisites for TDM, having a narrow therapeutic range, high interindividual pharmacokinetic variability, and established drug exposure-response relation- ships. EVR trough concentrations (C 0 ) demonstrate a good relationship with overall exposure, providing a simple and reliable index for TDM. Whole-blood samples should be used for measurement of EVR C 0 , and sampling times should be standardized to occur within 1 hour before the next dose, which should be taken at the same time everyday and preferably without food. In transplantation settings, EVR should be generally targeted to a C 0 of 3-8 ng/mL when used in combination with other immunosuppressive drugs (calcineurin inhibitors and glucocorticoids); in calcineurin inhibitor-free regimens, the EVR target C 0 range should be 6-10 ng/mL. Further studies are required to determine the clinical utility of TDM in nontransplantation settings. The choice of analytical method and differences between methods should be carefully considered when determining EVR concentrations, and when comparing and interpreting clinical trial outcomes. At present, a fully validated liquid chromatography tandem mass spectrometry assay is the preferred method for determination of EVR C 0 , with a lower limit of quantification close to 1 ng/mL. Use of certified commercially available whole-blood calibrators to avoid calibration bias and participation in external proficiency-testing programs to allow continuous crossvalidation and proof of analytical quality are highly recommended. Development of alternative assays to facilitate on-site measurement of EVR C 0 is encouraged.
INTRODUCTION
Therapeutic drug monitoring (TDM) is a wellestablished and recognized approach for guiding effective and safe immunosuppressive drug therapy in transplantation medicine. The immunosuppressant everolimus (EVR) is approved for the prevention of transplanted organ rejection and for the treatment of various types of cancer and tuberous sclerosis complex (TSC). 1 EVR is characterized by a narrow therapeutic window, rather high intraindividual and interindividual pharmacokinetic (PK) variability and established drug exposure-response relationships. 2 In the transplantation setting, overexposure to EVR may not only cause exacerbation of specific toxicities but also cause excessive immunosuppression likely to affect infection control, whereas very low levels of exposure may result in rejection. TDM was therefore recommended when EVR was first registered for organ transplantation about 10 years ago and is supported by substantial clinical evidence as demonstrated later in this document. In contrast, the potential value of TDM in managing EVR therapy in other clinical settings has not yet been fully established. When using published data to guide treatment regimens, correct translation of analytical methods and target concentrations to the specific clinical situation may be overlooked. In addition, the lack of between-method comparability and agreement on calibration complicates the interpretation of results and guidance on therapy.
In 2014, the Immunosuppressive Drugs Scientific Committee of the International Association of Therapeutic Drug Monitoring and Clinical Toxicology (IATDMCT) called a meeting of international experts to discuss the most recent advances in EVR TDM. The aim of that meeting was to provide recommendations to guide its optimal use in clinical practice, taking into account drug characteristics, specific clinical situations, and methodological issues, based on in-depth literature research and expert discussions. Although consensus reports have been published for TDM of ciclosporin A (CsA), tacrolimus (TAC), sirolimus (SRL), and mycophenolic acid (MPA), [3] [4] [5] [6] [7] [8] [9] [10] this is the first to be developed to guide EVR TDM. It is intended for all professionals involved in the management of patients receiving therapy with EVR in transplantation and nontransplantation clinical settings, and aims to improve both standards of practice and patient care.
EVR FORMULATIONS
EVR has been available in the solid organ transplantation clinical setting since 2003. The drug was first registered (Certican; Novartis Pharma AG) in some European countries as an adjunctive immunosuppressive therapy in association with glucocorticoids (GCs) and low-dose CsA for the prevention of acute rejection in heart or kidney transplant recipients at the dose of 0.75 mg twice daily. Registration status and trade names may differ between countries. Although registered for use as a twice-daily administration regimen in transplantation (fitting with the coadministration of CsA), once-daily administration of EVR is conceivable in cases of poor compliance or coadministration with a oncedaily formulation of TAC. The feasibility of this approach is supported by the relatively long half-life of the molecule, the approval of once-daily EVR formulations in other indications, and preliminary data obtained in kidney transplant, 11 and thoracic transplant recipients. 12 Afinitor (Novartis Pharma AG) is a once-daily EVR formulation indicated in advanced hormone receptor-positive, human epidermal growth factor receptor 2 (HER2)-negative breast cancer, advanced kidney cancer, and advanced pancreatic neuroendocrine tumors. Votubia (Novartis Pharma AG) is another once-daily EVR formulation, more recently approved in the European Union for the treatment of (1) patients with TSC and subependymal giant cell astrocytoma (SEGA) or (2) adult patients with TSC and renal angiomyolipoma at risk of complications (based on factors such as tumor size, presence of aneurysm, or presence of multiple or bilateral tumors), but not requiring immediate surgery. In general, dosing of EVR for oncology indications is 10 mg once daily, with the exception of SEGA associated with TSC, for which it is 4.5 mg/m 2 once daily.
CHEMISTRY AND MECHANISM OF ACTION OF EVR Chemistry
EVR is a 40-O-(2-hydroxyethyl) derivative of rapamycin, 13 a macrolide antibiotic produced by Streptomyces hygroscopicus. Its molecular formula is C 53 H 83 NO 14 and its average molecular weight is 958. 22. 14 It is a white to faintly
GENERAL SAFETY
Safety, in terms of avoiding concentration-related adverse effects, is one of the major reasons for implementing TDM. Both mTOR inhibitors (EVR and SRL) are associated with several adverse effects, 17, 18 such as gastrointestinal disorders, hyperlipidemia, and interstitial pneumonitis, 19 that may be sensitive to dose reduction and/or drug withdrawal, even if they do not seem to be directly concentration-related. Edema and mouth ulcers commonly occur and may also reflect overexposure. Impaired wound healing, 20 probably associated with the drugs' antiproliferative effects, is the reason for its delayed introduction in de novo situations with complex surgery. Hematotoxicity is usually moderate but represents the most significant complication supporting the need for TDM. The use of mTOR inhibitors in association with other hematotoxic drugs (MPA, ganciclovir) must be carefully monitored.
Renal outcomes are also important, and the precise contributions of calcineurin inhibitors (CNIs) and mTOR inhibitors to the development of nephrotoxicity remain a matter of debate: mTOR inhibitors have been shown to act in synergy with CNIs and increase their nephrotoxicity, in particular that of CsA. For example, the drug-drug interaction (DDI) of SRL and CsA leads to increased CsA concentrations in the blood and kidney, thereby aggravating renal dysfunction. 21 Proteinuria has also been reported with mTOR inhibitors, 22 resulting in the issuing of a specific warning. 23, 24 However, in practice, the combination of EVR and low-dose CNI results in similar renal function compared with MPA plus full-dose CNI. 25, 26 Providing the EVR dose can be maintained, the use of EVR with MPA in a CNI-free regimen results in a significantly FIGURE 1. Everolimus. A, Molecular structure. B, Mechanism of action. EVR binds to FK-BP12 to block mTOR, resulting in inhibition of proliferation of B cells and T cells, angiogenesis, and cell metabolism. IGF-1, insulin-like growth factor 1; EGF, epidermal growth factor; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; FKBP 12, FK 506-binding protein of 12 KD; S6K1, ribosomal protein S6 kinase beta-1; rS6P, ribosomal S6 protein; 4E-BP1, eukaryotic translation initiation factor 4E-binding protein 1; eIF4E, eukaryotic translation initiation factor 4E.
better glomerular filtration rate (GFR), generally at the cost of a significantly higher incidence of (mostly low-grade) acute rejection. 27 The presence of proteinuria at the onset of treatment may compromise such an improvement. 28 
PHARMACOKINETIC MONITORING Pharmacokinetics
EVR is more hydrophilic than SRL; this confers greater solubility and stability and influences its PK characteristics. The hydrophilicity of EVR may have a role in its increased oral bioavailability, possibly through a reduced influence of drug efflux transporters 29, 30 and/or a lower clearance by cytochrome P450 (CYP)3A5. 31 In blood, EVR is highly incorporated into erythrocytes (as also occurs with CNIs), and there is evidence that this binding is concentration dependent, justifying the use of whole blood rather than plasma for EVR quantification. 32 A recent study in kidney transplant recipients demonstrated a strong correlation between EVR concentrations in whole blood and in peripheral blood mononuclear cells (PBMCs)-the immunosuppressive site of action of EVR. 33 EVR PK parameters should thus be assessed in whole blood.
EVR is orally active, with linear (dose-proportional) PK. Absorption is rapid, with peak concentration reached within 1.5-2 hours. The free fraction of EVR in plasma is approximately 0.26. There is a good correlation between predose or trough concentration (C 0 ) and area under the concentration-time curve (AUC) at steady state, and a positive, although weaker, correlation between C 0 and the total daily dose. 2 Although the bioavailability of EVR is greater than that of SRL, animal studies, 30 as well as the percentage of the drug dose found unchanged in the feces in humans, 24 suggest a bioavailability of less than 20%, even in the presence of CsA and GCs. EVR has a broad distribution in the body and is eliminated by substantial hepatic metabolism. The metabolic profile of EVR includes 11 metabolites and the primary route of elimination is biliary extraction as metabolites (98% versus 2% in the urine). 2 To the best of our knowledge, the pharmacological activity of the main metabolites of EVR has never been investigated, 34 contrary to that of a couple of minor metabolites, one of which was actually found to be active. 35, 36 EVR is a substrate of both the efflux pump known as the ATP-binding cassette subfamily B member 1 (ABCB1; P-glycoprotein) and the CYP metabolic enzyme (particularly CYP3A4, with CYP3A5 and CYP2C8 playing minor roles). Like CNIs, EVR is prone to substantial PK variability and numerous DDIs because of the involvement of ABCB1 and CYP3A4 in its PKs. 24 Although shorter than that of SRL, EVR has a long half-life of approximately 30 hours. Steady-state concentrations are, therefore, generally achieved within 4-7 days. 2 No data on circadian variation are available.
Population PK models of EVR have been developed. A model in heart transplant recipients reported an apparent clearance and distribution volume of 3.33 6 0.20 L/h and 146 6 33 L, respectively, and a significant influence of bilirubin concentration and CsA on EVR clearance. 37 In kidney transplant recipients, using a 2-compartment structural model with first-order absorption with lag time, ideal body weight was found to be significantly related to the volume of distribution. 38 In neither study were other potential covariates found to be significant.
There is less intrapatient PK variability with EVR than with CNIs, but it remains high (45% for C 0 , 27% for the AUC in de novo kidney transplant recipients administered CsA), as does interindividual variability (55% for C 0 , 31% for the AUC). 39 Hepatic impairment has a major effect on EVR PK and dose reduction should be considered with careful monitoring. 40 Weight, age, and sex were not found to influence EVR exposure. 32 Potential ethnic differences in EVR PK and their contribution to interindividual PK variability have not yet been fully determined, with inconsistent bioavailability data reported in African Americans. 41, 42 Drug-Drug and Drug-Food Interactions DDIs with EVR are very frequent and may involve both pharmacodynamics (PD) and PK. Both mTOR inhibitors have the same PK DDI profile as CNIs, dominated by interactions through ABCB1 and CYP3A. Most EVR PK DDIs involve inhibition or induction of metabolism by antiinfectives, such as macrolides and azoles (inhibitors) and rifamycins (inducers). DDIs are a major source of EVR PK variability and must be controlled by careful monitoring. Quantitatively, PK changes seen with EVR are higher than with TAC, but less significant and more easily manageable than those seen with SRL. 43 Compared with TAC, the management of EVR DDIs is easier because of its lower immunosuppressive potency and more favorable toxicity profile. The aims and endpoints of dose management have been described in 2 clinical case reports, describing metabolic induction by rafamycins 44 and inhibition by antifungal azole drugs. 45 Such case studies provide important additional information compared with the usual studies of the quantitative aspects of DDIs in healthy volunteers.
EVR exhibits DDIs with other immunosuppressants. GCs have a dual effect on EVR metabolism by CYP3A4, acting as strong inhibitors at acute high doses and as moderate inducers at chronic low doses. 46 CsA inhibits EVR metabolism by approximately 50%. 47, 48 In contrast, EVR exposure in kidney transplant recipients is not influenced by TAC concentration, and the EVR dose achieving equivalent exposure has been shown to be 1.5-2-fold higher with TAC than CsA. 46 EVR absorption is sensitive to fatty meals. In a singledose study in healthy subjects, a high-fat meal delayed EVR t max by a median of 1.25 hours and reduced C max by 60% and AUC by 16%. 49 In a multiple-dose confirmatory study in kidney transplant recipients, a high-fat meal delayed t max by a median of 1.75 hours and reduced C max by 53% and AUC by 21%. 49 Thus, the different oral formulations of EVR should be administered consistently with or without food, as clearly explained in their respective prescribing information. Surprisingly, EVR C 0 showed no food effect, suggesting that although overall exposure is prone to a food effect, this does not translate into C 0 variations, the exposure index mostly used for TDM. This represents a potential limitation of C 0 as a marker of exposure for TDM of EVR.
Compatibility of EVR PK Characteristics With the Prerequisites for TDM and TDM Strategy
The prerequisites for TDM in general have been widely described 50 and have been discussed specifically for EVR. 41 They can be summarized as follows: drug choice appropriate to indication and patient subpopulation; convenient matrix and analytical method readily available; established exposureresponse relationships; PD response not readily assessable; exposure-response occurs in the patient-specific subpopulation and indication; the drug has a narrow therapeutic range in the specific context; PK parameters are unpredictable because of variability or confounding factors; duration of therapy is sufficient to implement and benefit from TDM; and TDM makes a significant difference to clinical decision-making. EVR fulfils most, if not all, of these criteria; in particular, a narrow therapeutic range, the risk of therapeutic failure, the risk of toxicity, and high PK variability that may result in unpredictable concentrations. Intrinsic, structurerelated, chemical and pharmacological properties contribute to this large PK variability, but other important determinants exist, such as the influence of patient compliance, numerous EVR DDIs, and a food effect.
A strong recommendation for TDM of EVR exists in the transplantation setting, with a proposed target range of 3-8 ng/ mL for EVR trough whole-blood concentration. 24 When EVR is used as monotherapy, eg, in case of malignancy indications, such as liver transplantation for hepatocarcinoma, higher therapeutic ranges are often targeted (6-10 ng/mL). 51, 52 The respective clinical evidence is described in detail below.
The most important development regarding the EVR target range is the evolution of the place of EVR in immunosuppressive regimens during the past decade, for example, in CNI minimization, treatment of malignancies in transplant recipients, or to avoid late graft dysfunction. Indeed, the real role for this class of drug is still being debated. [53] [54] [55] Various factors associated with these roles influence the need for TDM. Alongside minimization of GCs and CNI, a current trend in immunosuppression for solid organ transplantation is the replacement of CsA by TAC. However, because of the potential for DDIs, the dose required to achieve a given EVR concentration target may differ according to the coadministered immunosuppressants. A comprehensive review on mTOR inhibitors and TAC in kidney transplantation was recently published, focusing on PK, exposure-response relationships, and clinical outcomes. 56 Longterm maintenance therapy with EVR is mostly limited by non-concentration-dependent intolerance. On an individual basis, a high C 0 may be well tolerated. However, long-term C 0 . 8 ng/mL are generally associated with high doses and therefore a risk of intolerance. Safety management generally involves EVR dose reduction or withdrawal. 57 Higher doses of EVR are used in non-transplantation settings, but there is currently no recommendation for EVR TDM in approved indications other than transplantation. The rationale for TDM in these settings requires further analysis of the available or emerging PK, safety, and clinical data. The requirement for EVR TDM in evolving indications, such as hematology, will need to be evaluated in the future.
Recommendations: General Use of TDM for EVR
• EVR fulfils sufficient of the criteria for a TDM-guided therapy and therefore TDM is recommended for this drug, especially in the transplantation setting. EVR TDM is advised to limit the proportion of patients with subtherapeutic or supratherapeutic exposure early after the initiation of EVR therapy and to detect underdosing or overdosing due to DDIs, dosing errors, or poor adherence.
• EVR PKs are linear, and trough concentrations (C 0 ) demonstrate a good relationship with overall exposure (AUC). Therefore, predose C 0 provides a simple and reliable index for TDM.
• Sampling should be standardized to occur within 1 hour before the next dose, which should be taken at the same time everyday and preferably without food. If the latter is not possible for practical or medical reasons, EVR should be dosed consistently with food to reduce fluctuations.
• The high uptake of EVR into erythrocytes results in the same recommendation as for CNIs, ie, to measure its concentration in whole blood. Ethylenediaminetetraacetic acid (EDTA) is the preferred anticoagulant because it minimizes problems with clotting and its use allows quantification of multiple immunosuppressive drugs in parallel.
• EVR steady-state concentrations should be monitored [4] [5] [6] days after administration of the first dose and after a change in dose, a change of coadministered CsA dose, or a change in cotherapy with other CYP3A4 or ABCB1 inhibitors/inducers. However, in some situations and under experienced guidance, earlier monitoring may be beneficial.
• EVR TDM is not usually an emergency, because of its long half-life, moderate safety concerns, and potential position as an adjunctive therapy. Although EVR TDM frequency is less than with CNIs because of the lower intrapatient variability with EVR, the analytical turnaround time should ideally be the same as that of the associated CNI (except in cases of suspected DDI or if EVR is a major component of the immunosuppressive regimen when it should be the same).
• Efficacy in clinical trials was established using reference arms that may be different across countries and indications, for example, regarding induction therapy. Personalized target concentrations should follow the pattern of "an association, a target" rather than "a drug, a target" (taking into consideration the indication, posttransplantation time if applicable, background, clinical findings, and laboratory test results).
respect to the introduction of EVR, there are currently 2 options: switching from a CNI to EVR at a predefined time after transplantation, or after the onset of renal impairment 58 ; or de novo introduction of EVR to preserve kidney function in patients with a high risk of renal failure. 59 In case of de novo use, attention must be paid to the risk of impaired wound healing associated with the antiproliferative properties of the drug, hence of the risk of overexposure. This is of particular importance in the context of liver and lung transplantation, in which the early introduction of GCs may confer the same risk. Therefore, the risk of insufficient immunosuppression must be countered using induction biotherapies and careful TDM of the remaining immunosuppressant drugs.
Owing to the antineoplastic properties of mTOR inhibitors, EVR may be preferentially used in the transplantation setting: (1) as part of the initial maintenance regimen to prevent the relapse of primary cancers, such as hepatocellular carcinoma (HCC) after liver transplantation, and (2) to replace CNIs in case of de novo cancer after transplantation (in this case, the recommended C 0 would be somewhat higher, at 6 ng/mL). 60 The rationale for using EVR in these 2 situations is also to avoid the risk of excessive immunosuppression associated with CNIs.
Kidney Transplantation
In kidney transplantation, two main EVR treatment strategies have been explored in clinical trials: CNI minimization and CNI withdrawal/elimination. 61 With regard to the first strategy, combination therapy with EVR plus a reduced dose of a CNI (either CsA or TAC) has been studied mostly in de novo kidney transplant recipients and compared with MPA-based therapy (see Table, Supplemental Digital Content 1, http://links.lww.com/TDM/A127, which lists randomized controlled trials of EVR in combination with CNI). With regard to the second strategy, conversion of stable kidney-transplant recipients from CNI-based therapy to EVR-based therapy has been investigated at various time points, ranging from several weeks to several years after transplantation (see Table, Supplemental Digital Content 2, http://links.lww.com/TDM/A128, which lists randomized trials of conversion to a CNI-free EVR-based regimen). It is important to note that no clinical trials comparing fixed-dose versus concentration-controlled EVR therapy have been conducted. However, demonstration of an EVR concentrationeffect relationship and identification of therapeutic and tolerated concentration ranges in the early registration trials provide a strong rationale for performing TDM of this drug. Because TDM was an integral part of most clinical trials performed during the last decade, an extensive body of literature exists to support TDM of EVR after kidney transplantation.
CNI Minimization
In a phase II trial 62 and 2 phase III trials (RAD B201, RAD B251), [63] [64] [65] several fixed doses of EVR were administered together with standard-dose CsA and GCs. In the 2 phase III trials, 2 different EVR dosing regimens were compared with a third approach in which patients also received standard-dose CsA (targeted to a C 0 of 150-400 ng/mL in weeks 1-4 and 100-300 ng/mL thereafter) and GCs with mycophenolate mofetil (MMF) instead of EVR. [63] [64] [65] Importantly, these phase III studies were all of a double-blind, double-dummy design, and TDM was not performed as part of routine clinical care. These trials demonstrated that EVR is as effective as MMF in preventing rejection, but that renal function was reduced when EVR was administered together with standard-dose CsA, most likely as a result of enhanced nephrotoxicity of the latter. [63] [64] [65] Prespecified post hoc analyses of PK data prospectively collected in these studies demonstrated an EVR concentrationeffect relationship with regard to both efficacy (ie, freedom from acute rejection) and toxicity (thrombocytopenia, hypertriglyceridemia, and hypercholesterolemia). 32, [66] [67] [68] An EVR C 0 $ 3 ng/mL [determined by liquid chromatographytandem mass spectrometry (LC-MS/MS)] was identified as the lower therapeutic concentration limit. The upper limit of the therapeutic concentration range could not be defined because few patients had a concentration .8 ng/mL. Simulation showed that TDM could optimize early EVR exposure (ie, increase the percentage of patients with a C 0 $ 3 ng/mL). 32, 66, 68 Interstitial pneumonitis, another serious adverse effect of mTOR inhibitors, does not seem to be directly related to measured EVR concentration. 69 However, pneumonitis was initially described at very high mTOR inhibitor concentrations and dose reductions were successful in alleviating symptoms, suggesting partial dose dependency. As a consequence, dose reductions are still recommended in less severe cases, whereas the drug should be withdrawn in severe cases. 70 The efficacy of EVR in combination with reduced-dose CsA and GCs was investigated in 2 subsequent phase IIIb trials (A2306, A2307). 71, 72 TDM was performed in both trials, targeting EVR to a C 0 $ 3 ng/mL; no upper EVR concentration limit was specified. The difference between the 2 studies was the use of basiliximab induction therapy (only in A2307) and the targeted CsA exposure (lower in A2307). Both trials demonstrated that concentration-controlled EVR plus reduced-dose CsA provides effective protection against rejection, with good renal function. 71, 72 Analysis of the PK data collected in one of the studies (A2306) demonstrated that 14% of the patients randomized to the 1.5 mg/d EVR starting dose had early subtherapeutic EVR concentrations. 73 As a result of TDM, their EVR C 0 was uptitrated to a median concentration of 5.3 ng/mL, with an upper 90th percentile of 7.9 ng/mL. Early subtherapeutic concentrations were rare in the 3.0 mg/d EVR starting-dose group and their EVR C 0 distribution was skewed to the right. Many patients in the latter group subsequently underwent dose reductions because of adverse clinical events or laboratory abnormalities. The upper 90th percentile of the resulting EVR concentration range was 11.6 ng/mL in the 3.0 mg starting-dose group. 73 No reduction was seen in the incidence of rejection in patients with an EVR C 0 . 8 ng/mL; however, an increased incidence of thrombocytopenia and hypertriglyceridemia was observed at this EVR C 0 concentration. Based on these findings, an EVR C 0 therapeutic range of 3-8 ng/mL and a tolerated range of 3-12 ng/mL were proposed. 73 In a 24-month, 3-arm, open-label, controlled, phase IIIb clinical trial (A2309), de novo kidney transplant recipients were randomized to either EVR 1.5 or 3.0 mg/d (targeted to a C 0 of 3-8 and 6-12 ng/mL, respectively) with reducedexposure CsA, or to MPA plus standard-exposure CsA. 74, 75 At a 2-year follow-up, no differences were observed in the incidence of the composite endpoint "efficacy failure" between the 3 groups. The EVR 3-8 ng/mL target C 0 offered similar efficacy and renal function compared with the control group (MPA and full-dose CNI). Renal function was inferior in the EVR 6-12 ng/mL target group, in which patients experienced more adverse events (infections, posttransplantation diabetes mellitus and stomatitis). Post hoc analyses from this study also demonstrated that the risk of developing proteinuria ($300 mg/g creatinine) and several other adverse effects was dose dependent. 48, 76 An EVR C 0 . 8 ng/mL was significantly associated with a 1.9-fold increased risk of proteinuria compared with a C 0 3-8 ng/mL (P , 0.001). 76 The 3-8 ng/ mL concentration range was also associated with the lowest rate of wound-healing problems, peripheral edema, posttransplantation diabetes mellitus and dyslipidemia. 48 Primarily based on this trial, the US Food and Drug Administration granted EVR approval for the prevention of kidney allograft rejection in combination with reduced-dose CsA. Prescribing information includes a recommendation to monitor EVR concentrations and adjust the maintenance dose to achieve a C 0 within the 3-8 ng/mL target range (measured using an LC-MS/MS method).
In another trial in de novo kidney transplantation [Everolimus for renal cancer ensuing surgical therapy (EVEREST)], patients were randomized to receive standardexposure EVR plus reduced-exposure CsA [with a 2-hour postdose (C 2 ) target of 350-500 ng/mL] or higher-exposure EVR with very low exposure CsA (C 2 target of 150-300 ng/ mL). 77, 78 Patients in the latter group had a comparable low incidence of rejection, but did not have better renal function than those with the higher targeted CsA concentration range. The risk of rejection in the first 3 months after transplantation was significantly correlated with the presence of low EVR C 0 , but not with CsA exposure. Other studies of EVR plus reduced-dose CsA in de novo kidney transplant recipients have targeted a similar EVR C 0 3-8 ng/mL. 79 Although most studies have investigated EVR in combination with CsA, only limited data are available for EVR in combination with TAC. 56 In a 6-month open-label, randomized study (CRADUS09), EVR therapy was started within 24 hours after graft reperfusion to maintain EVR C 0 . 3 ng/mL, with a recommended maximum of 12 ng/mL. EVR was combined with either standard-exposure or reduced-exposure TAC (C 0 targeted to 8-11 and 4-7 ng/mL, respectively, during months 0-3) in de novo kidney transplant recipients. 80 In a 12-month open-label randomized study (ASSET), EVR was targeted to a C 0 of 3-8 ng/mL and combined for 3 months with low TAC (C 0 targeted to 4-7 ng/mL during months 0-3). At month 3, patients were randomized to either continue low TAC exposure or were targeted to very low TAC exposure (C 0 target 1.5-3 ng/mL). 81, 82 In both studies, patients received additional basiliximab induction therapy, with GCs, and no MPA control arm was included. EVR target concentration ranges were extrapolated from previous studies of EVR/CsA combination therapy. A post hoc analysis of the CRADUS09 study demonstrated that an EVR C 0 $ 3 ng/mL was associated with a significantly lower rate of acute rejection compared with a C 0 , 3 ng/mL, regardless of TAC target ranges (P = 0.03). 53 The importance of achieving adequate early posttransplantation EVR concentrations (C 0 . 3 ng/mL) was confirmed in a recent large phase III study in kidney allograft recipients (CRAD001AUS92). 83 Patients were randomized to EVR at 0.75 mg twice daily plus low-dose TAC or to MMF (2 g/d) plus standard-dose TAC. All patients received GCs and induction therapy as per local practice. In this study, noninferiority (10% margin) in the composite endpoint "efficacy failure rate" for EVR in combination with low TAC was not achieved, because of a higher rate of acute rejection. Despite higher rejection rates, there was a lower rate of graft loss and similar renal function in the EVR arm compared with the MMF arm.
CNI Withdrawal
The efficacy and safety of conversion to EVR from a CNI-based immunosuppressive regimen in stable kidney transplant recipients have been explored in several clinical trials. In the ZEUS study, EVR target concentrations were not based on previous data, but it was assumed that higher concentrations were necessary for adequate rejection prophylaxis compared with EVR-CNI combination therapy. An EVR target C 0 of 6-10 ng/mL was thus applied after CsA cessation. 27, 84, 85 The ZEUS trial demonstrated that conversion from CsA to EVR may achieve better renal function compared with continued CsA therapy. However, compared with the patients continuing CsA, the EVR-treated CsA-free patients experienced more mild acute rejections, developed more circulating donor-specific anti-HLA antibodies, and more patients discontinued therapy because of adverse events. 86 Mean EVR C 0 during the trial was 6-7 ng/mL. Patients experiencing acute rejection in the first year had a mean EVR C 0 of 6.8 6 2.6 ng/ mL. 27 Mean EVR C 0 before withdrawal due to adverse events in the first year was 5.3 6 2.2 ng/mL. Importantly, after 5 years, EVR was withdrawn in 37.4% of patients. 27, 84, 85 Comparable EVR C 0 targets were used in other conversion trials, including the Steroid or Cyclosporin Removal After Transplant using Everolimus (SOCRATES) study, 87 Certican Nordic Trial in Renal Transplantation (CENTRAL), [88] [89] [90] APOLLO trial, 91, 92 and Assessment of Everolimus in Addition to CNI Reduction in the Maintenance of Renal Transplant Recipients (ASCERTAIN) 93 study (See Table, Supplemental Digital Content 2, http://links.lww.com/TDM/A128). From these trials, it seems that higher EVR concentrations may not provide better rejection prophylaxis, but may result in higher discontinuation rates. The risk of acute rejection after CNI withdrawal seems to depend mainly on the time after transplantation, being highest in these trials when conversion took place early after transplantation, but rarely occurring with maintenance regimens. 94, 95 Switching from CNIbased immunosuppressive therapy to EVR at 6 months after kidney transplantation was effective in preventing rejection, with acute rejection rates of 3% in the CsA group, 22% in the mycophenolate sodium (MPS) group and 0% in the EVR group (P , 0.009). 94 To date, no comprehensive (post hoc) PK investigations of the EVR concentration-effect and concentration-toxicity relationships in these CNI-elimination studies have been published. Further investigation is needed to obtain more insight into time dependency of EVR target concentrations and the relationship to EVR discontinuation.
Recommendations: EVR in Kidney Transplantation
• EVR should be targeted to a C 0 of 3-8 ng/mL, with a starting dose of 1.5 mg/d after de novo kidney transplantation when combined with reduced-dose CsA plus basiliximab and GCs.
• Limited evidence suggests that EVR should also be targeted to a C 0 of 3-8 ng/mL after de novo kidney transplantation when combined with reduced-dose TAC plus basiliximab and GCs.
• When EVR is given in combination with TAC in de novo kidney transplant recipients, a higher starting dose of 3 mg/d may be advisable to reach target concentrations early after transplantation.
• Targeting EVR to a C 0 $ 6 ng/mL when eliminating CNIs in stable kidney transplant recipients seems reasonable, but lacks evidence from prospective dose-finding trials.
• Targeting EVR to a C 0 . 10 ng/mL in CNI-free regimens seems to offer no benefit in terms of reducing the risk of acute rejection and may increase the risk of developing drug-related adverse events.
Liver Transplantation
Minimizing the use of CNIs after liver transplantation reduces long-term complications, including nephrotoxicity. 61 The safety and efficacy of SRL have not been fully established in liver transplant recipients. 96 Therefore, its use as primary immunosuppressant in de novo liver transplantation is not recommended. In addition, increased hepatic artery thrombosis has been observed within 30 days of transplantation in de novo liver transplant recipients treated with SRL and TAC/GCs compared with recipients treated with TAC/ GCs. 96 However, SRL-induced hepatic artery thrombosis has not been reported since this initial study. 97 
Early Introduction of EVR in Liver Transplantation
In a recent open-label study of EVR in de novo liver transplantation, 98 recipients were randomized on day 30 6 5 to 1 of 3 treatment regimens: (1) EVR alone (C 0 3-8 ng/mL), (2) EVR with low-dose TAC (EVR C 0 3-8 ng/mL, TAC C 0 3-5 ng/mL), or (3) standard TAC therapy (C 0 6-10 ng/mL). Based on previous experience with SRL, 96 EVR was administered 30 days after liver transplantation to avoid woundhealing complications and hepatic artery thrombosis. Although treatment with EVR alone led to a higher rate of acute rejection, EVR with low-dose TAC had effects similar to those of standard TAC therapy. The reduction in adjusted estimated GFR (eGFR) 12 months after randomization was significantly lower in recipients treated with EVR and low-dose TAC compared with standard TAC therapy (P , 0.001). The relative risk of severe infection was similar in these 2 treatment arms. Furthermore, the protective effect on eGFR of EVR with low-dose TAC compared with TAC monotherapy continued for 24 months after randomization. 99 These findings demonstrate the safety of starting EVR and low-dose TAC 30 days after surgery for the prevention of acute rejection after liver transplantation and show that this regimen leads to a significantly better renal function 24 months after transplantation compared with standard-exposure TAC.
Prevention of Chronic Rejection
Some patients develop severe rejection that cannot be controlled by TAC or high-dose GCs. Acute cellular rejection after liver transplantation can be treated with high-dose GC pulse therapy. However, apart from retransplantation, there is no established treatment of chronic (ductopoenic) rejection. Prevention of B-cell maturation by mTOR inhibitors is anticipated to prevent chronic rejection after liver transplantation. The successful use of SRL 100 or EVR 101 in combination with reduced-exposure CNI to treat severe chronic (ductopoenic) rejection after liver transplantation has been reported in a limited number of cases from Japan (introductory EVR C 0 10-12 ng/mL; CsA C 0 100-200 ng/mL; TAC C 0 , 5 ng/mL; maintenance EVR C 0 5-8 ng/mL), but requires confirmatory studies.
Prevention of Recurrence of Hepatocellular Carcinoma After Liver Transplantation
Recurrence of HCC after surgery has been a severe problem in recipients of liver transplants from both deceased and living donors. The Milan criteria for transplantation were originally established to select patients with cirrhosis who have small HCC nodules and for whom a good outcome is anticipated, with low rates of recurrence. 102 However, experience has accumulated of liver transplantation in patients with HCC who do not meet the Milan criteria. Recently, it was shown that the frequency of HCC recurrence in liver transplant patients receiving mTOR inhibitors was significantly lower than in those receiving CNIs (8.0% versus 13.8%, P , 0.001). 103 Despite the shorter follow-up for EVR-treated patients than those receiving SRL or CNIs (13, 30, and 43.2 months, respectively), the rate of HCC recurrence in EVR-treated recipients was significantly lower than in those treated with SRL and CNIs (4.1% versus 10.5% versus 13.8%, respectively; P , 0.05).
Recommendations: Liver Transplantation
• Early use of SRL after liver transplantation has been associated with an increased risk of hepatic artery thrombosis; therefore, it appears prudent to delay the introduction of EVR until 30 days after transplantation.
• EVR targeted to a C 0 of 3-8 ng/mL in combination with low-exposure TAC (target C 0 3-5 ng/mL) is as effective with regard to acute rejection risk as standard-exposure TAC (target C 0 6-10 ng/mL) and is associated with better renal function.
• Compared with CNI treatment, the administration of EVR is expected to reduce the recurrence of HCC after liver transplantation.
Heart and Lung Transplantation EVR With CsA in De Novo Heart Transplant Recipients
In a 24-month, multicentre, randomized, double-blind, double-dummy, phase III study (B253), the efficacy, safety, and tolerability of 2 fixed doses of EVR were compared with azathioprine in de novo heart transplant recipients. 16 Both EVR dose regimens were superior to azathioprine with respect to a composite endpoint {death, graft loss, retransplantation, loss to follow-up, biopsy-proven acute rejection [BPAR] of grade 3A [International Society for Heart and Lung Transplantation (ISHLT) 1990 grading] or rejection with hemodynamic compromise} and the incidence of repeated rejection episodes, and also the incidence of BPAR of grade $3A. The severity and incidence of heart-allograft vasculopathy were also significantly lower (P , 0.05) in the patients receiving EVR than those receiving azathioprine.
In a post hoc analysis of this study, EVR C 0 . 3 ng/mL was significantly related to freedom from rejection (P = 0.02), and the 3 ng/mL cutoff therefore constituted the lower therapeutic concentration of EVR. 104 The upper limit of the therapeutic concentration range could not be defined because of the flat EVR concentration-safety parameter association (eg, for leukopenia, dyslipidemia, and renal insufficiency). For example, using a platelet count cutoff of ,50 · 10 9 /L to define "clinically meaningful," the incidence of thrombocytopenia was just 3%. Interestingly, EVR-related adverse events were manageable up to the highest C 0 observed in this population (22 ng/mL). 104 Further retrospective analysis of the exposureeffect data showed that EVR C 0 were stable in the first year posttransplantation and averaged 5.2 6 3.8 and 9.4 6 6.3 ng/ mL in patients treated with EVR 1.5 and 3.0 mg/d, respectively. TDM simulation, based on 2 EVR dose adjustments and an initial starting dose of 1.5 mg/d, showed that the simulated BPAR rate was 21% with TDM (using a target range of 3-8 mg/mL) versus 26% in the group with fixed dosing. 105 In a single-center, observational study in Germany, EVR targeted to a C 0 of 3-8 ng/mL allowed a marked reduction of CsA concentration (58% from week 2 to month 12) in de novo heart transplant recipients, without significant loss of efficacy compared with MMF (mean dose 1.25-2.5 g/d) in combination with standard-dose CsA. 106 A randomized, open-label, noninferiority study (A2411) was conducted to examine whether renal toxicity was reduced with EVR plus reduced-exposure CsA compared with MMF (3 g/d) plus standard CsA. 107 Both study groups received GCs and antibody induction therapy according to local practice. At 12 months, the incidence of BPAR grade $3A and change in renal function (eGFR) in the concentration-controlled EVR group were similar to that in the MMF and standard-dose CsA group (22.8% versus 29.8% and 6.1 mL/min versus 4.3 mL/min, respectively).
The effect of reduced-dose CsA versus standard-dose CsA on renal function was investigated in a 6-month, randomized, open-label study (A2403) in de novo heart transplant recipients treated with EVR and GCs. 108 Participating centers were permitted to use antithymocyte globulin (ATG) or IL-2 receptor antagonist induction consistently for all patients at that center. CsA was initiated at #12 mg$kg 21 $d 21 , except at centers using induction therapy, where local practice was followed. The dose was subsequently adjusted to maintain a predefined target CsA C 2 range (1000-1400 ng/mL) for all patients in the first 2 months. Predefined C 2 targets were lowered over the next 4 months, being higher in the standard-dose group than the reduced-dose group. EVR was initiated within 72 hours after transplantation at an initial dose of 0.75 mg twice daily, titrated after day 5 to achieve a C 0 in the range of 3-8 ng/mL. EVR with reduced-dose CsA resulted in similar efficacy as standard-dose CsA. At month 6, mean serum creatinine was 141.0 6 53.1 mmol/L in patients receiving standard-dose versus 130.1 6 53.7 mmol/L in patients receiving reduced-dose CsA (P = 0.093; primary endpoint). The incidences of BPAR grade $3A, adverse events, and infections were similar between treatment groups. No renal function benefits were observed, possibly because of the inadequate adherence to reduced CsA exposure.
In an international, open-label, 24-month study (A2310), de novo heart transplant recipients were randomized to (1) standard-dose EVR with reduced-dose CsA, (2) highdose EVR with reduced-dose CsA, or (3) MMF 3 g/d with standard-dose CsA. 25 All patients received GCs with or without induction, according to local practice. The combination of high-exposure EVR with CsA was associated with increased mortality, leading to cessation of recruitment to that study arm. These deaths occurred in patients with infected left ventricular assist devices pretransplantation in German centers and might have been caused by ATG induction leading to overimmunosuppression. 109 By month 24, the mortality rates were similar in the EVR and MMF groups (10.6% versus 9.2%, respectively), as were efficacy endpoints.
CNI-Free Regimens in De Novo Heart Transplant Recipients
SCHEDULE (The Scandinavian Heart Transplant Everolimus De Novo Study with Early Calcineurin Inhibitors Avoidance) was a 12-month, randomized, controlled, openlabel trial in de novo adult heart transplant recipients. 110 Patients were assigned within 5 days after transplantation to low-dose EVR with reduced-dose CsA (n = 56) or to standard-dose CsA (n = 59), with both MMF and GCs. All participants received induction therapy with ATG. EVR was initiated at a dose of 0.75 mg twice daily, adjusted to a target C 0 of 3-6 ng/mL during the first 7 weeks after transplantation and then 6-10 ng/mL after CsA withdrawal. CsA discontinuation took place at week 7 unless there was ongoing rejection at that time, in which case discontinuation could be postponed until week 11. After conversion to CNI-free treatment, both the incidence of BPAR overall and the incidence of treated rejection were significantly higher in the EVR group (both P , 0.05). However, this did not affect cardiac function at 12 months after transplantation. The mean whole-blood concentration of EVR from the time of randomization to month 12 was 7.0 6 1.8 ng/mL in patients with grade 2R (ISHLT 2004 grading) rejections compared with 7.4 6 2.3 ng/mL in those without rejection (not statistically significant). Measured GFR (mGFR) at 12 months after transplantation was significantly higher with EVR versus CsA (mean 6 SD: 79.8 6 17.7 versus 61.5 6 19.6 mL$min 21 $1.73 m 22 ; P , 0.001), whereas the incidence of cardiac allograft vasculopathy (CAV) was lower in the EVR group (50.0% versus 64.6%, P = 0.003). Overall, there was a similar incidence of adverse events and serious adverse events in the 2 study groups, with a higher incidence of pneumonia and a substantially reduced risk of cytomegalovirus infection in the CNI-withdrawal arm.
The significant improvement in renal function in the CNI-free arm was confirmed in the follow-up analysis performed 36 months after transplant. 111 Despite the significantly higher incidence of BPAR without hemodynamic compromise in the CNI-free arm 12 months after transplant, 110 there was no difference between the study groups regarding the incidence of BPAR after 36 months. 111 The results of an ongoing multicentre, randomized, controlled, open-label, 12-month study (MANDELA) including de novo heart transplant recipients in Germany are awaited. 112 After a 3-month CNI reduction phase, this study compares renal function (primary endpoint) and composite efficacy (at 12 months after randomization) in CNI-free patients treated with EVR (C 0 5-10 ng/mL) plus MPA and GCs, with that in patients receiving EVR (C 0 5-10 ng/mL) plus reduced-exposure CNI (TAC C 0 3-8 ng/mL or CsA C 0 50-150 ng/mL) and GCs.
Recommendations: EVR in De Novo Heart Transplantation
• The use of EVR in de novo heart transplant recipients requires TDM to achieve and maintain a recommended whole-blood target C 0 of 3-8 ng/mL in combination with reduced CsA dose. Use of EVR in combination with reduced-dose TAC may also be possible, but supporting evidence is limited. The CsA C 0 in patients receiving CNI-sparing regimens needs to be tightly controlled to achieve improved renal function.
• In a CNI-free regimen in combination with MPA and GCs, the EVR target C 0 range should be 5-10 ng/mL. • Blood EVR concentrations .10 ng/mL are associated with an increased risk of adverse events and should be avoided.
De Novo Lung Transplantation
Experience with EVR in de novo lung transplantation is limited, possibly because of the negative outcome of 2 initial de novo lung transplantation studies with SRL. Both studies reported significant wound dehiscence and airway complications, leading to death in some patients. 113, 114 It is therefore recommended that mTOR inhibitor therapy is not started until the anastomosis and airways have healed, 115 because of the drugs' inhibitory effects on growth factors and fibroblast proliferation. 116 Consequently, all study protocols for the use of EVR in lung transplantation have avoided early administration of the drug. [117] [118] [119] A randomized, controlled study comparing azathioprine and conversion to EVR at month 3 in lung transplant recipients maintained on CsA and GCs (RAD001 B159) demonstrated that the EVR regimen yielded a median steadystate blood EVR C 0 of 6.6 ng/mL (10th to 90th percentiles: 2.8 and 11.8 ng/mL, respectively). 118 EVR concentrations were measured centrally, but investigators remained blinded to these values for the duration of the study, and no dose adjustments were made based on blood concentrations. The average dose and concentration of EVR remained stable between 12 and 24 months. CsA C 0 were slightly higher in EVR-treated patients during the first 2 months, but were then similar to those in azathioprine-treated patients for the remainder of the study. Approximately 95% of the patients in both treatment arms received GCs during the first year of the study. The composite endpoint of efficacy failure (.15% forced expiratory volume in 1 second (FEV 1 ) decline from baseline, graft loss, death, or loss to follow-up) occurred in 33.9% versus 21.8% of azathioprine-treated and EVR-treated patients, respectively, at 12 months (P = 0.046), but there was no difference in this composite endpoint at 24 months. The authors concluded that EVR demonstrated a slowing in loss of pulmonary function over time. Treatment discontinuations, particularly due to adverse events, serious adverse events, or high serum creatinine values, were more common with EVR compared with azathioprine.
CeMyLungs was a 3-year randomized, open-label, multicentre, investigator-driven superiority study comparing de novo enteric-coated MPS with delayed-onset EVR. 120 Before randomization, all patients received immunosuppression with CsA, MPS, and GCs. Patients were screened for eligibility once healing of the bronchial anastomosis had been confirmed by bronchoscopy between 1 and 3 months after transplantation. CsA doses were adjusted based on C 2 value and time after transplantation. Individual centers were allowed to use the assay of their choice to measure EVR concentrations when toxicity was suspected. EVR and MPS demonstrated equivalent efficacy in preventing the primary outcome of bronchiolitis obliterans syndrome at 3 years after lung transplantation, as well as secondary outcome parameters.
Results are awaited of the 4EVERLUNG study, an ongoing randomized, active-controlled, open-label, phase III study in de novo lung transplant recipients in Germany. This study compares a 12-month EVR-based quadruple immunosuppressive regimen with a center-specific CNI-based (either CsA or TAC) triple-drug immunosuppressive regimen. 121 Personal experience (E.M.B.) has shown that it may be difficult to attain target EVR concentrations in lung transplant recipients with cystic fibrosis. Dose modifications are usually moderate, as the target concentration range is narrow. It is unusual for C 0 to be excessively out of range, except in cases of strong PK DDIs not prevented using TDM.
Recommendations: EVR in De Novo Lung Transplantation
• De novo EVR in lung transplantation should be avoided because of potential serious adverse effects, such as surgical complications and bronchial anastomosis. Therefore, introduction of EVR should be postponed until endoscopic confirmation of complete bronchial suture healing or until at least 3 months after transplantation.
• When EVR is administered in combination with a CNI, target EVR C 0 should be 3-8 ng/mL. • Currently, there are insufficient clinical data to enable recommendations for appropriate therapeutic concentrations of EVR in CNI-free immunosuppressive regimens in lung transplant recipients.
Studies in Heart and Lung Transplant Maintenance
In a 12-month, open-label, multicentre, randomized, controlled study in Scandinavia [Nordic certican trial in heart and lung transplantation (NOCTET)], maintenance thoracic transplant recipients (190 heart transplants, 92 lung transplants) were randomized to continue their current CNI-based immunosuppression or to a quadruple regimen with EVR and a predefined CNI exposure reduction. 122 EVR was initiated overnight with a target C 0 of 3-8 ng/mL. After an initial significant increase in infections in the EVR arm, reduction of EVR target C 0 to 3-6 ng/mL was recommended. On initiation of EVR, a parallel reduction of CNI dosage was performed to achieve a C 0 reduction of 30%-70% compared with baseline, with the target of achieving a CsA C 0 of 75 ng/mL or a TAC C 0 of 4 ng/mL. For patients in the EVR group who were receiving CsA and MMF, a 25%-50% reduction in MMF dose was recommended 1 week after the introduction of EVR, with further MMF dose reduction as required. In EVR-treated patients receiving TAC, MMF treatment was unchanged unless medically necessary. Concomitant medication with azathioprine, with or without GC therapy, was continued according to local practice.
Mean change in mGFR from baseline to month 12 was significantly in favor of EVR compared with controls [4.6 mL/min versus 20.5 mL/min (P , 0.0001) for heart and lung transplant recipients and 5.8 mL/min versus 20.1 mL/min (P , 0.0001) for heart transplant recipients only]. 122 At month 24, the improvement in mean mGFR remained significant in EVR-treated patients compared with controls in both subpopulations (P , 0.001). 123 The frequency of treated BPAR was similar between EVR and control group transplant recipients. A greater proportion of EVR-treated than controlgroup patients experienced adverse events, including serious adverse events, from baseline to month 12 (P , 0.05). However, there were no significant between-group differences in the rate of adverse events or serious adverse events (including pneumonia) during months 12-24. This study showed that concentration-controlled EVR therapy (C 0 3-8 ng/mL) with reduced CNI exposure had an acceptable safety profile in heart and lung transplant recipients, with a beneficial effect on renal function.
A subanalysis of the NOCTET study showed that EVR introduction and reduced CNI dose significantly improved renal function in maintenance heart and lung transplant recipients with preexisting moderate or severe renal failure (mGFR 30-59 or 20-29 mL$min 21 $1.73 m 22 , respectively). However, this beneficial effect was limited to patients undergoing conversion within 5 years of transplantation. 124 At 12 months after randomization in the NOCTET study, of the patients who had received a heart transplant .5.1 years previously, those treated with EVR had a significant morphological progression of CAV as measured by virtual histology analysis of intravascular ultrasound data compared with the control group. 125 However, in the 5-year analysis, there was no difference in CAV progression between the study groups.
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Recommendations: EVR in Heart and Lung Transplantation Maintenance
• Current data support the introduction of EVR in maintenance patients in the first 5 years after transplantation to improve renal function and to reduce the progression of CAV.
Oncology Indications
Angiogenesis is an important step in the proliferation of many tumors, and blockade of vascular endothelial growth factor may offer an opportunity to inhibit tumor growth. Since mTOR is essential for the activity of vascular endothelial growth factor, mTOR inhibitors could have an effect on tumor angiogenesis. Phase I studies confirmed the hypothesis that EVR might have an effect on renal cell carcinoma, a tumor type in which angiogenesis is known to play a crucial role in invasion and dissemination. In 92 patients with a range of different tumor types, EVR treatment was associated with partial responses in 4 patients, and 12 patients remained progression-free for at least 6 months, including 5 of 10 patients with renal cell carcinoma. 127 Furthermore, EVR was satisfactorily tolerated at doses up to 70 mg/wk and 10 mg/d. On a theoretical basis, dose selection for EVR might also be based on PD considerations, ie, the degree of inhibition of downstream mTOR pathways. 128 However, 10 mg/d seems to be the maximum tolerated dose. At this dose, EVR C 0 of up to 17.0 ng/mL have been observed, with large interindividual differences. 129 Efficacy was demonstrated in subsequent studies with EVR in renal cell carcinoma, and EVR was registered for this indication based on results of a large phase III study. 130 However, PK data were not available, so a concentration-effect relationship could not be demonstrated for either efficacy or toxicity. Only 1 study involving EVR in oncology has shown a concentration-effect relationship. 131 In patients with metastatic renal cell carcinoma (n = 42), the median EVR C 0 was 14.1 ng/mL (range, 2.6-91.5 ng/mL). Fourteen (67%) versus 8 (38%) patients with median EVR C 0 above or below 14.1 ng/ mL, respectively, were progression-free at 6 months (P = 0.06); median progression-free survival was 13.3 versus 3.9 months, respectively [hazard ratio (HR), 0.66; 95% CI, 0.33-1.31; P = 0.23], and median overall survival was 26.2 versus 9.9 months, respectively (HR, 0.62; 95% CI, 0.28-1.37; P = 0.24).
EVR is also approved for the treatment of breast cancer [132] [133] [134] and neuroendocrine tumors. 135 Although there is a strong rationale for TDM of EVR in the treatment of solid-organ transplant recipients, this approach has not been widely studied in oncology settings and PK data were not systematically assessed for the potential benefit of EVR TDM in cancer patients. Although the relationship between EVR concentrations and efficacy is important, the relationship between EVR concentrations and toxicity may limit its long-term use. Determination of EVR concentrations at the onset of severe adverse events may enable a better understanding of pathophysiology, permitting dose reduction rather than drug withdrawal in patients with high EVR concentrations. 70 This is of particular importance when EVR is used as combination therapy with the aim of improving long-term survival. It may be possible to perform retrospective analyses of data from previous studies. However, the ultimate goal is to include TDM of EVR in future studies to fully assess the value of this approach in cancer patients.
Recommendations: EVR in Oncology
• Further studies are required to determine the clinical utility of TDM for EVR in oncology settings.
Other Clinical Applications
EVR has also been used to treat several conditions other than the transplant and oncologic indications discussed above. In general, data on the PK of EVR and the potential benefit of TDM in the treatment of such diseases are very limited. Likewise, there is a lack of data pertaining to TDM of EVR in special clinical situations and populations. These include, but are not limited to, children (very young), pregnant women, critically ill patients, and the very old. It is the opinion of the authors that despite the lack of evidence, TDM may be justified in such special circumstances to get at least some indication of the exposure to EVR.
Pediatric Transplantation
Experience with EVR in pediatric transplantation is limited. 136 Published data are mostly uncontrolled and concern the use of EVR introduced shortly after transplantation, with reduced-dose CsA. TDM was performed as part of clinical care in some of these single-arm studies in kidney transplantation, targeting EVR to a C 0 $ 3 ng/mL 137 ; 4-6 ng/mL in the first 6 months after transplantation followed by 3-5 ng/mL 138, 139 ; and 5-10 ng/mL. 140 These target concentration ranges were extrapolated from data in adult patients. An ongoing, randomized, controlled clinical trial in pediatric de novo kidney transplant recipients (CRA-DLE; EudraCT 2010-024381-21) 141 will compare standarddose TAC plus MMF with reduced-dose TAC plus EVR and may provide more evidence to support the use of TDM for EVR in the pediatric population. 142 Because of the paucity of data on the EVR concentration-effect relationship in this setting, no evidence-based recommendations can be made for TDM of EVR in children. Nonetheless, given the fact that the PKs of EVR in children are variable and related to age, weight, and body surface area, 2 and in the light of data obtained in adult transplant recipients, TDM of EVR in children is justified.
Tuberous Sclerosis Complex
TSC is a rare autosomal dominant genetic disease caused by mutations in the TSC1 or TSC2 tumor suppressor genes. 143 Both TSC gene products inhibit mTORC1, and it is believed that subsequent somatic mutation results in constitutive activation of mTORC1 in different organs. Overexpression of mTORC1, which is a critical regulator of cell growth and proliferation, leads to aberrant downstream signaling and growth of noncancerous hamartomas in the kidney (renal angiomyolipomas), brain (SEGA, cortical tubers), heart (cardiac rhabdomyomas), liver, eyes, and skin (angiofibromas). Therapy with an oral mTOR inhibitor may target the constitutive mTOR overexpression in affected tissue and could be an effective treatment option for this genetic disorder.
After initial observations that mTOR inhibitors may cause regression in kidney and brain tumors, 2 randomized, double-blind, placebo-controlled phase III trials were initiated in patients with TSC. The Examining Everolimus in a Study of TSC-1 (EXIST-1) trial examined the effect of EVR (4.5 mg$m 22 $d 21 ; titrated to achieve blood C 0 of 5-15 ng/mL) on SEGA in patients aged up to 65 years [median age 9.5 years (range, 0.8-26.6 years)]. 144, 145 TDM was considered an integral part of the study because participants included children using antiepileptic medication, known to interfere with EVR PK. The starting dose was chosen to be just less than the maximum tolerated dose in children with malignancies (5 mg$m 22 $d 21 ). After initial dose adjustment, the median EVR C 0 was maintained at 5-7 ng/mL during weeks 6-132. The EXIST-2 trial investigated a fixed dose of 10 mg EVR on renal angiomyolipoma in adult patients (median age, 31.0 years), stratified using enzyme-inducing antiepileptic drugs (EIAEDs). 146 Mean EVR C 0 was 7-10 ng/mL and exhibited large interindividual variability (56%-94%), with lower concentrations in patients using EIAEDs [5.10 (SD 3.02) ng/mL versus 10.41 (SD 9.47) ng/mL in patients not using EIAEDs].
In both studies, highly significant tumor reduction was seen in most patients, leading to approval of EVR in several countries for this indication. Despite lower concentrations, patients using EIAEDs had a similar response to therapy. There was only a weak indication that 2-fold higher EVR concentrations would result in slightly better efficacy (approximately 10%). In general, adverse events were consistent with those previously reported for patients using mTOR inhibitors. Longterm EVR therapy was safe and continued to be highly effective although adverse events required frequent dose reductions. 145, 147, 148 Importantly, EVR toxicity did not seem to be related to TSC genetic background, which is known to be associated with altered mTOR expression. Even in children, EVR was generally well tolerated and adverse effects were manageable, mostly by dose reduction.
Based on these findings, EVR is recommended for firstline treatment of asymptomatic, growing renal angiomyolipoma associated with TSC and as an effective medical treatment option for growing but otherwise asymptomatic SEGA. 149 A large, randomized, placebo-controlled study is ongoing to determine the efficacy and safety of 2 EVR C 0 concentration ranges when used as adjunctive therapy in patients with TSC who have refractory partial-onset seizures [EXIST-3 (NCT01713946)].
Recommendations: EVR in TSC
• Firm evidence for the benefit of TDM of EVR in patients with TSC is lacking. As many patients with TSC require EIAEDs, TDM of EVR seems advisable at least for this population and PD findings suggest TDM might help avoid overexposure and improve safety.
• Further PK investigations are needed to better understand the minimum doses needed for efficacy and to explore the relationship between EVR concentrations and toxicity in this population.
Pulmonary Arterial Hypertension
EVR has also been used for the treatment of Pulmonary Arterial Hypertension (PAH), a disease in which proliferation of vascular cells plays an important role. In a single-center, open-label pilot study, 10 patients having progressive PAH despite the use of at least 2 vasodilating drugs were treated for 6 months with EVR, targeted to a C 0 of 5-8 ng/mL. 150 In 2 patients, EVR had to be stopped prematurely because of an adverse event (acute bronchitis and right cardiac decompensation). In the remaining 8 patients, a significant reduction in pulmonary vascular resistance was seen and a trend toward an improved 6-minute walking distance was observed. These preliminary findings may warrant a future randomized, controlled clinical trial of EVR for PAH.
Neurofibromatosis Type 2
Neurofibromatosis type 2 is a rare genetic disorder caused by inactivation of the NF2 tumor suppressor gene and is characterized clinically by the development of multiple tumors, including bilateral vestibular schwannomas. 151 Merlin, the product of the NF2 gene, is a negative regulator of mTORC1 and loss of merlin activity results in activation of mTORC1 signaling in neurofibromatosis type 2-related tumors. 151 In 2 phase II studies, the effect of EVR on progressive vestibular schwannomas in patients with neurofibromatosis type 2 was studied. 152, 153 In both studies, adult patients received EVR in a fixed dose of 10 mg per day and treatment was not guided by TDM. In the study by Karajannis et al, 152 no benefit of EVR therapy was observed, whereas in the trial of Goutagny et al, 153 EVR seemed to stabilize tumor size in some patients. Interestingly, in the latter study, 153 EVR whole-blood predose concentrations were higher in stable patients than in progressive patients: median of 22.7 ng/mL (IQR 16.5-30.2) versus 10.6 ng/mL (IQR 9.7-15.5).
PHARMACOGENETIC MONITORING Potential Pharmacogenes
EVR is metabolized through oxidation by cytochrome P450. CYP3A4 is a much more active catalyst than CYP3A5 (the recombinant CYP3A5/3A4 activity ratio is approximately 1:6) 31,154 and CYP2C8 accounts for less than 10% of EVR's hepatic metabolism. 31 As EVR is an ABCB1 substrate, this may limit its intestinal absorption as suggested from studies conducted in vitro and using knock-out mice. 29, 155, 156 Hepatic extraction of EVR does not seem to be an active process because EVR has a very low affinity for the major uptake transporters expressed in hepatocytes. 157 However, canalicular excretion of the drug or its metabolites probably involves ABCB1. In the kidney, ABCB1 is not expected to play a significant role in EVR PK because renal elimination is a minor disposition pathway compared with biliary excretion.
The main proteins and corresponding genes involved in EVR PD are mTOR, also called FRAP (FKBP-rapamycinassociated protein) coded by the FRAP1 (or MTOR) gene; FK-BP12 (FKBP12); p70s6K (RPS6KB1); and raptor (RPTOR).
Pharmacogenetic-Pharmacokinetic Relationship CYP3A4
Data regarding the effect of CYP3A4 genetic variations on EVR PK (or PD) are still scarce. The CYP3A4*1B allele (rs2740574; c.-392G.A) showed no association with EVR dose-normalized concentrations in lung transplant recipients. 158 To the best of our knowledge, no other study has investigated the influence of this allele on EVR PK in solid organ transplantation. More generally, the functional consequence of this allele is very controversial. Although some in vitro studies suggested that it is associated with increased transcriptional activity, 159, 160 this was not found in another study 161 ; the authors hypothesized that the transcriptional effect previously reported 159 was an artifact of the expression system used. 161 In contrast, the CYP3A4*22 (rs35599367; c.522-191C.T) variant has recently and more consistently been reported to be associated with decreased CYP3A4 activity in hepatocytes. 162 To our knowledge, only 1 study has investigated its effect on EVR PK. 163 No significant influence on EVR PK was observed in relation to the variant, which was found in 9 of 97 patients; 8 were heterozygous carriers and 1 was a homozygous carrier of the CYP3A4*22 allele, which is in accordance with the previously reported minor allele frequency (;5%).
CYP3A5
Six studies have been reported to date, showing no association between the common CYP3A5*3 allele (rs776746; c.219-237G.A) and EVR blood concentrations, dose requirement, or PK parameters estimated using population PK approaches 31, 37, 38, 158, [163] [164] [165] [166] (Table 1) . Three studies were conducted in stable kidney-transplant recipients not receiving CNIs, 26, 137, 149 which ensured that enzyme inhibition did not influence the pharmacogenetic associations; 2 studies were in heart transplant recipients treated with CNIs. 37, 165 In 1 study, heart allograft rejection (4 episodes), new-onset type 2 diabetes (2 cases) and infections (8 cases) were not found to be related to CYP3A5 genotype. 165 In a study of lung transplant recipients treated with EVR alone (n = 6) or in combination with TAC (n = 57) or CsA (n = 2), comparable dose-normalized EVR steady-state C 0 were reported in CYP3A5 expressers (n = 11; CYP3A5*1/*3 genotype) or nonexpressers (n = 54). 158 Further experimental studies using genotyped human liver microsomes demonstrated that the CYP3A5*3 variant has no significant influence on EVR hepatic metabolism, 31 possibly reflecting the fact that CYP3A4 is a better catalyst of EVR metabolism than CYP3A5. A study by Moes et al 163 suggested that neither CYP3A5*3 nor its combination with CYP3A4*22 had a significant influence on EVR PK.
A possible relationship between the CYP3A4*1B-CYP3A5*3 haplotype and EVR-related (and SRL-related) adverse effects has been reported. 164 In kidney transplant recipients (n = 184) receiving either EVR or SRL, a significantly higher frequency of the CYP3A4*1-CYP3A5*1 (AA-GA) haplotype was seen in patients with moderate (.0.5 g/L, #1.5 g/L) or significant (.1.5 g/L) proteinuria (P = 0.008 and P = 0.003, respectively). There were also significant differences in mTOR inhibitor C 0 $dose 21 $kg 21 ratios between the 2 haplotype groups. However, all patients were receiving CNIs, either de novo (44.5%) or as rescue therapy (55.5%), suggesting that DDIs may have been a confounding factor.
CYP2C8
CYP2C8*3 is the most relevant variant allele of CYP2C8 in whites. It denotes 2 highly linked variants, rs11572080 (c.416G.A; p.R139K) and rs10509681 (c.1196A.G; p.K399R), occurring at relatively high frequency in whites (11%-14%), but rarely in Asians and Africans. 167 Its effect on EVR PK has been studied in a range of transplantation settings. 38, 158, 166 None of these studies found a significant relationship between EVR dosing or blood concentrations and this CYP2C8 genotype, which is consistent with its minor role in EVR metabolism. 31 The study in lung transplant recipients also failed to demonstrate any association with CYP2C8*2 (rs11572103: c.805A.T; p.Ile199Phe) and CYP2C8*4 alleles (rs1058930: c.792C.G; p.Ile264Met), 158 whereas the study in heart transplant recipients found no association between CYP2C8*3 and EVR adverse effects. 166 
ABCB1
Three pharmacogenetic studies also investigated the effects of ABCB1 genetic polymorphisms on EVR PK in solid organ transplantation and none reported significant associations. 37, 38, 158 No influence of ABCB1 c.1236C.T, 2677G.A/T, 3435C.T or c.-129T.C single-nucleotide polymorphisms (SNPs) was seen on EVR apparent clearance, volume of distribution from the central compartment (V1/F) or first-order absorption rate constant in a population PK study based on 783 C 0 blood concentrations from 53 kidney transplant recipients switched from a triple therapy (CsA, MMF, prednisolone) to a CNI-free dual therapy of EVR twice daily and prednisolone. 38 No effect of c.3435C.T ABCB1 SNP on EVR PK was seen using a similar approach in heart transplant recipients. 37 Similarly, no effect of ABCB1 haplotype c.1236-2677-3435 was seen on EVR steady-state dose-normalized C 0 in lung transplant recipients mostly cotreated with CNIs (87.7% receiving TAC and 3.1% CsA). 158 Data are lacking regarding the potential impact of ABCB1 polymorphisms on EVR PD, in particular on the uptake of the drug by T cells.
Other Pharmacogenes
No associations were found in lung transplant recipients between EVR dose-normalized concentrations and 3 common variants in NR1I2 (rs1523130, rs2472677, and rs763645), a gene coding for the nuclear pregnane X receptor (PXR) that regulates CYP3A and ABCB1 gene expression. 158 Similarly, no influence of NR1I2 rs2276706 and rs6785049 on EVR PK was reported in a population PK study in kidney transplant 2016 recipients. 38 This is consistent with the absence of impact of CYP3A and ABCB1 polymorphisms, suggesting that indirect modulation of EVR PK through PXR genetic variation is very unlikely.
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Pharmacogenetic-Pharmacodynamic Relationship
Mutations of the gene encoding mTOR (especially in the FRB domain) or the proteins of the EVR signaling pathway (FK-BP12, p70S6K, raptor) might confer a resistance phenotype to the drug, as demonstrated in mammalian cell lines. 168 However, to our knowledge, no association study between such polymorphisms and EVR effects has been reported to date. A panel of genetic variations in mTOR (n = 5 tag SNPs), raptor (n = 4 SNPs selected based on the literature), and p70S6K (n = 5 tag SNPs) were investigated in 2 independent populations of kidney transplant recipients treated with SRL. 169 A significant association was found between a variant haplotype of the MTOR gene and decreased hemoglobin concentrations, but this might not have any clinical significance. None of the other genetic variations studied were associated with SRL adverse effects.
Recommendations: Genotyping
• There is insufficient evidence to recommend the prospective genotyping of CYP3A5 and CYP3A4 in solid organ transplant recipients for dose adjustment of EVR. However, combined CYP3A5*3 and CYP3A4*22 genotyping to identify patients with high or low CYP3A total activity might be proposed for the retrospective documentation of cases of unexpected EVR blood concentrations or adverse effects, combined with comprehensive exploration of potential drug-drug or food interactions.
• ABCB1 genotyping cannot be recommended based on the available evidence.
• Further investigation of the pharmacogenetics of the mTOR pathway may be warranted, although the likelihood of potential clinical utility is low given the data previously generated for SRL.
PHARMACODYNAMIC MONITORING
PD monitoring aims to individualize drug therapy as a complement to TDM. It focuses on the drug's effects on target cells or target molecules. PD monitoring of immunosuppressive and anticancer drugs can be nonspecific (ie, investigating general effects on immune or tumor cells) or drug specific (ie, focusing on the molecular targets and precise pharmacological action of a particular medication). Limited data are available regarding PD monitoring of EVR. A variety of heterogeneous experimental approaches for both specific and nonspecific PD monitoring have been published. However, most assays are not standardized and have barely been validated. In addition, they are laborious and timeconsuming and therefore not suitable for routine clinical use. Generally, single-center assay protocols have been used in small groups of patients and have not been cross-validated. To date, there is no evidence of an association between EVR PD markers and clinical outcome.
Nonspecific PD Monitoring of EVR
Approaches used for nonspecific PD monitoring of EVR include cell proliferation assays with lymphocytes or tumor cells; cytokine production in lymphocytes and T cells; intracellular production of ATP in CD4 + T cells; surface activation markers on T cells; and changes in the proportions of lymphocyte subsets. [170] [171] [172] [173] [174] [175] These are summarized below. Proliferation inhibition has mainly been monitored using the thiazolyl blue tetrazolium bromide (MTT) assay. EVR has been shown to inhibit cell proliferation in vitro in a dosedependent manner after stimulation of whole blood or isolated PBMCs. In kidney allograft recipients, ex vivo proliferation of PBMCs in response to stimulation with an anti-CD3 antibody was inhibited for up to 10 hours after a single EVR dose (0.75-1.5 mg). 170 Cell proliferation has also been used to assess the sensitivity of renal carcinoma cells to EVR. In a small study in 3 patients, tumor tissue was digested and isolated tumor cells were incubated ex vivo with different concentrations of EVR to assess the 50% inhibition of cell proliferation. The ex vivo sensitivity of renal carcinoma tumor cells was associated with clinical response. 175 Cytokine production has been assessed either by measurement of IL-10 concentrations in cell culture supernatants of stimulated PBMCs or by evaluating intracellular interferon gamma production in T cells using flow cytometry. Anti-CD3 antibody-induced IL-10 synthesis was reduced in PBMCs isolated from stable kidney transplant recipients after repeated EVR dosing compared with baseline values before initiation of EVR therapy and compared with levels in patients who received placebo rather than EVR in addition to CsA and prednisolone. 170 IL-10 production returned to baseline levels after cessation of EVR. In PBMCs, stimulated ex vivo for 12 hours using staphylococcal enterotoxin B, intracellular interferon gamma was more suppressed in stable liver allograft recipients administered EVR than those receiving CsA. 173 In a recent study, 174 the immunomodulatory effect of EVR in heart transplant recipients was evaluated using an FDA-approved "immune monitoring assay" (Immuknow; Cylex Inc, Columbia, MD) based on measurement of the increment in intracellular ATP after mitogenic stimulation of T cells (CD4 + ) with phytohemagglutinin. Results suggest that this biomarker may predict infections in such patients.
The cell surface T-cell activation marker CD26 (dipeptidyl peptidase IV) may also have potential as a biomarker. A pilot study found that its expression on CD3 + T cells was time-dependently inhibited by 30 nmol/L EVR in isolated PBMCs stimulated with phorbol-12-myristate-13-acetate for 72 hours. 171 Liver transplant patients receiving EVR had increased percentages of total CD4 + T cells, naive CD4 + T cells, and naive CD8 + T cells, but lower percentages of CD8 + T cells, compared with patients receiving CsA. 173 mTOR inhibitors have been shown to be effective at inducing and maintaining regulatory T cells. 172 They induce anergy in naive T cells, promote the expansion of regulatory T cells, and inhibit the maturation of dendritic cells, thus probably promoting immunologic tolerance. In the liver transplantation study, a higher proportion of regulatory T cells (CD3 + , CD4 + , CD25bright, FoxP3 + , CD127 2 ) was seen in patients treated with EVR compared with CsA. 173 The frequency of regulatory T cells expressing the homing receptor CXCR3 was also higher with EVR.
To date, no study has investigated the association between nonspecific PD biomarkers of EVR treatment and clinical outcome. Drug selection or dose adaptation based on PD monitoring has not been used in either patients with cancer or transplant recipients administered EVR-based therapy.
Specific PD Monitoring of EVR
For drug-specific PD monitoring of EVR, measurements are feasible of mTOR activity, phosphorylation of its downstream targets 4E-BP1 (P-4E-BP1) and S6 kinase beta-1 (P-p70S6K1), p70S6K1 activity, and the subsequent phosphorylation of the ribosomal S6 protein (P-rS6P) ( Table  2 ). Intracellular phosphorylated proteins can be detected by phosphoprotein-specific antibodies using Western blotting, enzyme-linked immunosorbent assay (ELISA) techniques (either singleplex or multiplex) after cell lysis and protein extraction, or by flow cytometry after cell permeabilization (phospho flow cytometry).
176 p70S6K1 activity can be measured by isotope-based assays using exogenously added ribosomal S6 and 32 P as substrates. 177, 178 In an observational cohort study, mTOR activity was measured using a GSTp70S6K fusion protein immobilized on an ELISA plate 179 and specifically phosphorylated by mTOR at position THR389. This phospho-epitope was then detected by an appropriate antibody in a sandwich assay.
Most of the studies using the assays mentioned above were performed with SRL. Few studies have been undertaken of specific PD monitoring of EVR. In oncology, studies have investigated dephosphorylation of P-4E-BP1 and P-p70S6K1, and also inhibition of p70S6K1 activity in response to EVR in tumor tissue and renal carcinoma cells. 127, 175, 180 p70S6K1 activity in PBMCs has been used as a surrogate biomarker for the PD effect of EVR on tumor tissue and was included in dose-finding studies in cancer patients. 127 The largest investigation with EVR in transplantation used phospho flow cytometric quantification of p70S6K phosphorylation. 181 The assay was first validated in vitro with SRL and mitogen-stimulated CD4 + T cells. Ex vivo PD investigations were then performed with stable kidney allograft recipients administered EVR-based or SRL-based therapy. Specific PD monitoring was combined with nonspecific monitoring of IL-2 production by T cells. In both EVR-treated and SRL-treated patients, there was a clear positive correlation between IL-2-producing CD3 + T cells and the degree of p70S6K phosphorylation. However, no association between EVR C 0 and p70S6K1 dephosphorylation was observed.
Recommendations: PD Monitoring
• PD monitoring on a routine basis to guide EVR therapy cannot be recommended until more data on assay standardization, analytical cross-validation, and diagnostic validation in prospective clinical trials are available.
MEASUREMENT OF EVR CONCENTRATIONS Sample Stability
EVR has been shown to be stable in EDTAanticoagulated whole blood for up to 7 days when stored at 208C or 308C, and for 3 days at 378C.
182-184 A short-term stability study used the Innofluor Certican assay (Seradyn Inc, Indianapolis, IN) and an LC-MS/MS method to investigate samples taken from kidney transplant recipients and stored at 308C in daylight for 3-7 days (EVR concentrations 1.7-17.6 ng/mL). 183 No statistically significant differences were found with either method in the EVR concentrations measured at day 3 or 7 compared with day 1. However, in hot geographical regions, samples received in central laboratories could be at higher temperatures (eg, temperatures in excess of 508C) for several hours during transportation. In such cases, shipping on dry ice or with ice packs in insulated cold-boxes is recommended. No significant loss of EVR was reported when spiked whole-blood samples were stored at 48C for 7 days or for at least 6 months at 2208C. 185 In addition, blood samples can be stored at 2808C without loss of EVR for up to 2 years. 186 Furthermore, EVR has been shown to be stable in blood samples for at least 3 freeze-thaw cycles. 182, [187] [188] [189] EVR in dried blood spots from quality control (QC) samples collected on Protein Saver 903 sampling paper (Whatman GmbH) impregnated with a plasma-protein/ ammonium acetate/formic acid solution was found to be stable for 3 days at 608C and for 1 month at 48C, 208C, and 328C. 190 Using nonimpregnated Whatman 31 ET CHR paper and whole blood spiked with EVR at concentrations of 3 ng/mL and 40 ng/mL, the EVR in the dried blood spots was stable for at least 7 days at 228C and at least 2 days at 378C. 191 
Recommendations: Sample Stability
• Transportation of EDTA-anticoagulated whole-blood specimens for EVR TDM from the site of collection to the laboratory without refrigeration is acceptable, providing the transportation time does not exceed 1 week at temperatures up to 308C or 3 days at temperatures up to 378C. Cooling of samples is advisable at higher temperatures. If multiparameter analysis including drugs with limited stability is intended from the same sample, long-term transportation and storage conditions should be adjusted appropriately. For prolonged storage times, specimens should be stored at 2208C or below.
• Laboratories performing TDM services are advised to be aware of sample stability issues and to include stability evaluation in their method-validation protocols. It is Phosphorylated by S6K1 S6K1, ribosomal protein S6 kinase beta-1; P-p70S6K1, phospho-p70 S6 kinase beta-1; rS6P, ribosomal S 6 protein.
advisable to establish specific procedures for temperature control during transport and for storage and handling of samples, and to record the temperature throughout sample transport to detect system failures.
Analytical Methods for EVR Quantification Chromatographic Procedures
Contemporary state-of-the-art chromatographic approaches for EVR TDM require mass spectrometry-based analyte detection. In contrast to other immunosuppressant drugs introduced before the routine availability of bioanalytical LC-MS/MS, most clinical trials for EVR have used this method rather than immunoassays. 32, 68, [192] [193] [194] Consequently, a fully validated LC-MS/MS method is the more appropriate standard for EVR TDM.
Based on reports published in the late 1990s, 182, 195 LC-MS/MS applications for monitoring whole-blood EVR concentrations became widely available; combined multiplex assays enabling monitoring of CsA, TAC, SRL, and EVR quickly emerged. 196, 197 The use of UV detection (LC-UV) was explored as an alternative to LC-MS/MS. 185, 198 However, because of the rather low molecular extinction coefficient of the EVR triene chromophore, the general low selectivity of UV detection, even if higher wavelengths (such as 278 nm) are used and the very low target concentrations, this approach cannot be recommended.
State-of-the-art LC-MS/MS platforms for the measurement of immunosuppressant drugs, including EVR, mainly rely on one-dimensional or 2-dimensional chromatography (using a trap and an analytical column). Such methods are preceded by ZnSO 4 treatment of the whole-blood specimen and organic extraction followed by mass spectrometric detection in the "selected reaction monitoring" mode (also known as multiple reaction monitoring) using electrospray ionization. Alternatively, whole-blood samples supplied as dried blood spots can be used, 191, 199 but this approach has not yet entered routine clinical practice.
Analyte quantification is based on multilevel calibration with the pure analyte and the addition of an internal standard into the extraction procedure. Although in-house production of calibration materials is possible, use of commercial calibrators carrying the in vitro diagnostics Conformité Européenne (IVD-CE) mark is preferred to minimize calibration bias between centers. Since whole blood is the preferred matrix, both protein precipitation and erythrocyte lysis have to be performed. Organic solutions (methanol or acetonitrile) with 0.1-0.2 mol/L ZnSO 4 are frequently used; the use of pure organic solvent-based sample preparation protocols is now seen as outdated. [200] [201] [202] To aid cell lysis, distilled water can be added before protein precipitation [203] [204] [205] or samples can be frozen and thawed. Ten-minute incubation with ammonium bicarbonate has been proposed as an alternative. 206 An appropriate internal standard must be added to the extraction solvent to allow for both fluctuation of extraction efficacy and mass spectrometer ion yield (ion suppression and ion enhancement). The optimal choice is a commercially available stable isotope-labeled derivative, for example EVR-D 4 or 13 C 2 D 4 . These have almost identical physicochemical properties as the analyte and chromatographically coelute in almost any assay set-up. However, attention should be given to possible labeled substance contamination with the nonlabeled parent-a potential problem with all isotope-labeled internal standards. For instance, contamination of 13 C 2 D 4 -EVR with SRL has been reported to be problematic in a combined EVR/SRL assays. 206 Therefore, purity testing of all isotope-labeled internal standards before use is highly recommended. Currently, the SRL derivative 32-desmethoxyrapamycin (not commercially available) 207 or the macrolide ascomycin (a structural homolog of TAC) is still used as internal standard in some laboratories. Although acceptable performance has been reported, particularly when using 32-desmethoxyrapamycin, 207, 208 isotope-labeled internal standards are preferable to the structural analogs that are not closely related to EVR.
In most published assays, EVR analysis in the mass spectrometer starts with m/z = 975.6 Da as the precursor ion; hence, the ammonium adduct is favored over the protonated species for analyte detection. The readout mass in the second ion selector is usually m/z = 908.5 Da. To allow accurate and reproducible chromatographic peak-area assessment, at least 8-10 data points must be recorded for each mass transition used. This can be challenging if all 4 immunosuppressant drugs have to be monitored in parallel and if ultrafast chromatography is used. Utmost care must be taken in the design and validation of an assay, 209 so that ion-suppression effects are either completely avoided or evaluated and accounted for. 210 Some manufacturers (eg, Waters, Chromsystems, Recipe, AB Sciex) are introducing IVD-CE-marked assays. 211, 212 Use of such "kits" on existing internally qualified or even IVD-CE-certified LC-MS/MS platforms is perhaps preferable to in-house design and validation of a "laboratory-developed test" system. However, despite their ready availability, laboratories still need extended expertise to establish such assays by instrument qualification and performance evaluation, to maintain their daily performance, and to establish measures for timely LC-MS/MS troubleshooting and service. 209 Although mostly restricted to tertiary-care centers, fully validated LC-MS/MS analysis is currently the preferred standard in EVR TDM. High-sensitivity LC-MS/MS procedures allow quantification limits at least down to 1 ng/mL and interassay coefficient of variation of ,10%. However, results from the EVR International Proficiency Testing Scheme (Analytical Services International Ltd, www.bioanalytics.co.uk) and iC42 (Integrated Solutions in Clinical Research and Development, University of Colorado, Aurora, CO, www.zortracker.com) studies show broad interlaboratory variability with currently used (almost all developed in-house) procedures (Table  3) , 213, 214 indicating a need for improved method standardization.
Recommendations: Chromatographic Methods
• A fully validated LC-MS/MS assay is the preferred method for the measurement of EVR concentrations. Chromatographic methods based on UV detection cannot be recommended.
• For LC-MS/MS assays, the following tools might be helpful to achieve the required performance: (1) enhancement of cell lysis by: addition of distilled water before protein precipitation, freezing the samples, or incubation in the presence of ammonium bicarbonate; (2) ZnSO 4 treatment of the whole-blood specimen, followed by organic extraction; (3) 2-dimensional chromatography using a trap and an analytical column; (4) IVD-CE-labeled commercial calibrators instead of those produced in-house to avoid calibration bias between centers; and (5) use of the commercially available stable isotope-labeled derivatives of EVR as internal standards.
• Use of IVD-CE-marked LC-MS/MS assays or kits does not replace the need for careful verification of analytical performance within the laboratory in which they are used.
• Improvements in LC-MS/MS method standardization are needed.
Immunoassays for Measurement of EVR
Since the use of EVR as routine immunosuppressive therapy, commercial immunoassays have been used for TDM in transplantation centers that do not have adequate access to chromatographic techniques.
In conjunction with Novartis, Seradyn (Indianapolis, IN) developed the Innofluor Certican immunoassay (an FPIA) for monitoring EVR concentrations. With the introduction of the chemiluminescent microparticle immunoassay (CMIA; Abbott Diagnostics, Chicago, IL) and transition of the FPIA assays to the Architect clinical analyzer in 2008, Abbott announced that the TDx analyzer was to be discontinued, and support for the system was withdrawn by 2011.
A new CE-marked, 510(k)-cleared immunoassay-the Quantitative Microsphere System (QMS) EVR immunoassay -was subsequently introduced by ThermoFisher Scientific to monitor EVR in samples from kidney and liver transplant recipients. The method is a homogenous particle-enhanced turbidimetric assay based on competition between drug in the sample and drug coated onto a microparticle reagent. This immunoassay kit includes reagents, calibrators, and 3 QC samples. The test can be established on different models of general chemistry analyzers using spectrophotometric detection, for example, CDx 90 (ThermoFisher), Hitachi 917 (Roche), Ortho Vitros 5, 1 FS Fusion, AU 640/680 (Olympus), DXc (Beckman), Indiko (ThermoFisher), Architect ci4100 (Abbott), JCA-BM6010 (DiaSys), and others. 34, 36, [215] [216] [217] [218] [219] [220] [221] [222] [223] [224] Like the Innofluor assay, the QMS assay is semiautomated, requiring a manual pretreatment procedure that is critical for the assay performance. The assay calibration range is 1.5-20.0 ng/mL. The method is relatively fast, has good reagent stability and satisfactory precision. [217] [218] [219] 223 The assay revealed cross-reactivity of 59%-63% for 40-phosphatidylcholine-EVR, and ,20% for 5 of the other metabolites, suggesting that drug concentrations would be overestimated in patient samples. 225 This is particularly important because, so far, the issue of a contribution of any EVR metabolites to the pharmacological activity of the drug in vivo has not been elucidated conclusively. Based on the reported cross-reactivity of the EVR metabolites in the QMS assay, and on their concentrations relative to that of EVR, an average overestimation of approximately 40% can be expected. 34, 36 However, in practice, this is usually not the case, as explained below. Cross-reactivity with SRL was reported to be 46%, 217 so particular care is recommended shortly after switching from SRL. Detectable SRL concentrations in blood during the following week may compromise therapeutic decision-making because of the cross-reactivity of SRL and its metabolites in EVR immunoassays. 215 Early correlation data presented by the manufacturer showed only a slight positive bias between QMS performed on a Hitachi 917 instrument and a reference LC-MS/MS method. 225, 226 However, the possibility of the test being used on a variety of analyzers creates the need for careful evaluation of assay performance on specific platforms. Reported application data are contradictory. Data from 3 analytical centers (Australia, Poland, Spain) using CDx 90-the analyzer originally recommended by ThermoFisher for the QMS assay -show a significant negative bias of 18.7%, 32.9%, and 29.1%, respectively. 216, 218, 220 Similarly, lower EVR 222 Other groups reported no significantly different or even slightly higher results with QMS EVR applied on different biochemical analyzers (Hitachi 917, JCA-BM6010, Indiko, but also unspecified) and reference chromatographic methods. 213, 217, 221, 223, 224, 227, 228 Results of a very recent study demonstrated similar long-term interlaboratory performance with the QMS assay or LC-MS/MS methods in US laboratories. 229 These investigations used individual patient samples, pooled samples, and pooled samples enriched with either 46-OH-EVR or 39-O-desmethyl-EVR. In contrast, significant positive bias was reported in a broad spectrum of transplantation types for QMS applied on an Architect ci4100 analyzer compared with LC-MS/MS, 230 suggesting that the 2 methods cannot be used interchangeably for EVR TDM.
Proficiency-testing programs have shown that results of the QMS immunoassay for patient samples are similar to those produced by chromatographic methods, but with approximately 30% lower recovery for samples spiked with EVR (Table 3 ). This is largely because the immunoassay calibration strategy is based on value-assigned calibrators and QC samples. 222, 223, 227 As stated by the manufacturer, the immunoassay calibrators and controls were initially value assigned using a representative set of C 0 samples from kidney transplant recipients with traceability to LC-MS/MS values. The value-assigned concentrations of calibrators and controls were approximately 70% of their gravimetric concentrations. A second adjustment of the value-assigned concentrations of calibrators was performed at the end of 2011 and at the beginning of 2012 (ThermoFisher, personal communication, September 2014). This approach was designed to align the results in samples from patients with the "average" measurements obtained by LC-MS/MS methods. However, bias for individual patient samples may vary in either direction, depending on cross-reactivities with metabolites and other potential errors. 231 Another consequence of the manufacturer's calibration strategy is that third-party control material containing spiked concentrations (also external QC samples) of EVR will not give the appropriate results when used in conjunction with the immunoassay, unless the values have been defined for this assay. 231 Similarly, external calibration materials are not appropriate for this assay.
Recommendations: EVR Immunoassays
• Studies comparing EVR concentrations measured with LC-MS/MS and the QMS immunoassay have reported inconsistent results when analyzing patient samples. This is most likely due to: (1) use of the assay on different types of analyzers; (2) the immunoassay calibration strategy based on value-assigned calibrators; and (3) variability in calibration from one reference chromatographic method to another. Further work is necessary to resolve this problem and, currently, use of the CDx 90 and Architect ci4100 analyzers cannot be recommended without performing a comparative study with patient samples at the analytical site. Use of the assay on other platforms should be approached with caution.
• Participation in an external QC program that includes the use of both spiked and pooled patient samples is highly recommended for sites using this immunoassay. It is also advisable to compare immunoassay measurements using a chromatographic reference method and real (nonpooled) samples when implementing the assay for patient samples.
• When using immunoassay, laboratories should inform the clinician that values obtained with different methods cannot be used interchangeably, because of differences in methods, method calibration, and cross-reactivity with metabolites.
• Laboratories using an immunoassay with cross-reactivity to SRL for TDM of EVR should alert their customers to the unreliability of EVR results during the first week after switching from SRL.
Immunoassays Validated for SRL
The very similar chemical structures of EVR and SRL result in a high probability of substantial cross-reactivity in immunoassays for either drug. The limited availability of assays suitable for EVR monitoring has prompted some laboratories to adopt commercial SRL immunoassays for the measurement of EVR. Some investigators suggest that the SRL microparticle enzyme immunoassay developed for the IMx analyzer (Abbott Park, IL) may be suitable as an alternative method for EVR monitoring, especially if chromatographic methods are not available. 232, 233 The SRL CMIA developed for the Architect analyzer (Abbott Diagnostics) has also been investigated for EVR monitoring. [234] [235] [236] Good correlation was found between CMIA results and the FPIA Innofluor Certican Assay, and also SRL microparticle enzyme immunoassay and LC-MS/MS. However, a correction factor was necessary with each set of data. Similar findings were seen with an antibody-conjugated magnetic immunoassay performed on the Dimension platform (Siemens Healthcare Diagnostics, Newark, DE). 237 However, none of the SRL assays are formally released or validated for EVR measurement, and their use in clinical situations may be potentially dangerous for patients. Use of these uncertified methods to measure EVR may breach local regulatory guidelines.
Recommendations: Immunoassays Validated for SRL
• Use of SRL-dedicated immunoassays for EVR determination should be discouraged, since none are formally released or validated for EVR measurement.
Analytical Requirements
In general, immunoassays for immunosuppressive drugs suffer from a positive bias with respect to chromatographic assays, mainly because of cross-reactivity with metabolites of the target analyte. The proliferation of such immunoassays has often led to the use of target concentration ranges specific to particular assays. Attention has tended to focus more on assay precision than on absolute accuracy. Reproducibility of results is important because it is necessary to facilitate consistent dosing decisions over a period of time. The proliferation of reproducible, but different, results generated by a variety of assays is unhelpful and confusing in clinical settings.
Clinicians require methods that produce concentration measurements without bias, due either to cross-reactivity or calibration issues, so that patients can have their samples measured by any appropriate method, without any impact on dosing advice. Comparison of methods is hampered by the lack of certified reference materials and validated reference methods. Some progress has been made recently for TAC, for which a whole-blood certified reference material is now available. 238 Two studies have shown that this reference material can be used to test the accuracy of assay methods and that standardizing all procedures used in LC-MS/MS methods can help to minimize between-method differences in accuracy. 238, 239 The issue of accuracy has become even more important since the introduction of very low target concentration ranges for some immunosuppressive drugs. In some instances, the lower limits of the concentrations aspired to in-treatment protocols are close to or below the lower limits of quantification (LLOQ) for some of the analytical methods used. In 1 recent study, it was concluded that TAC concentrations should be targeted in the range 3-7 ng/mL. 240 However, most patients had concentrations at or above the top of this range, at least in part because the analytical method used by most centers to measure the drug was never designed to measure TAC at such low concentrations. Subsequent discussions on the study stressed that attention should focus on the drug concentrations achieved, rather than those in the study protocol. 241 Of course, this assumes that the methods used are capable of measuring across the full target range and that all methods used have comparable accuracy. Dose schedules for EVR are now following the trend established for TAC, with low doses being advocated in association with other immunosuppressive agents, in an attempt to reduce long-term toxicity. 81 As a result, there is a need for EVR assays with LLOQ around 1 ng/mL and good reproducibility at this concentration.
To assure quality, consistency, and appropriate utility of results, analytical methods should be carefully validated according to the guidelines of appropriate international scientific societies and governmental agencies. For more information on analytical validation of methods for quantification of immunosuppressive drugs, readers are referred to a consensus report by Oellerich et al. 4 Good standards of laboratory practices, as described in documents published by the College of American Pathologists (www.cap.org), the Clinical and Laboratory Standards Institute (www.clsi. org), and the International Organization for Standardization (www.iso.org), should also be followed when establishing an analytical service for EVR.
Recommendations: Analytical Requirements
• Method specificity for the parent drug: The therapeutic range intended by TDM is that of the parent drug. Therefore, analytical methods should be specific for EVR and this should be proven during method validation. If available, information on cross-reactivity with metabolites should be reported with a statement on clinical relevance. Currently, there is no evidence to support monitoring of EVR metabolite concentrations.
• LLOQ: An LLOQ close to 1 ng/mL should be achieved to ensure reliable assessment of low concentrations and to reveal inappropriate dosing or patient noncompliance issues. The method imprecision at the LLOQ should be ,20%.
• Measuring range: Laboratories should characterize the working range of their method and, if dilution steps are required to allow quantification of high EVR concentrations, appropriate protocols should be developed and validated. In addition, a standard procedure for reporting concentrations outside the working range should be available.
• Assay imprecision: The aim should be a coefficient of variation of #10% with respect to between-days imprecision. This is based on estimated variations that may result in suboptimal therapeutic decisions.
• Assay inaccuracy: Method accuracy should be established by comparison with a validated reference method. At the time of development of this consensus report, no exactmatching isotope-dilution mass spectrometry method was available. Therefore, fully validated LC-MS/MS-based procedures, for which assay performance is well documented, should be considered to be the reference.
• Further research is essential to achieve better standardization of EVR methods, including establishment of an appropriate reference method. Method comparison should be investigated by an unbiased regression procedure, for example, Deming regression or Passing-Bablok procedure. 242, 243 It should include a variety of pathological conditions (different transplantation types, time posttransplantation, ethnic backgrounds, age groups, etc.) and present a wide range of therapeutic values and values below and above the recommended therapeutic range. The following criteria are recommended for a method to be acceptable for selective determination of EVR, similar to other immunosuppressive drugs 244 : (1) linear regression slope within 610% of the theoretical value of 1.0; (2) linear regression intercept not statistically different from zero; and (3) standard error of the estimate (Syx) #10% of the average of the therapeutic concentrations.
Method Calibration and Proficiency Testing
As mentioned above, for EVR measurement most centers currently use either a variety of chromatographic assays, based on mass spectrometric detection, or an immunoassay. Chromatographic assays are calibrated using calibrators prepared in-house or purchased from third-party sources. Immunoassays are calibrated by the manufacturer. In general, diagnostics manufacturers have striven to calibrate immunoassays as accurately as possible, with varying degrees of success. When samples are spiked with known concentrations of the drug of interest, results tend to be in broad agreement. More significant differences are usually seen between chromatographic and immunoassays because of cross-reactivity with metabolites. Users can check accuracy using third-party-prepared calibrators or controls, or by comparing their results with those given by external proficiencytesting material. As already mentioned for users of the QMS immunoassay, it is not possible to check calibrator accuracy by either of these methods if the samples are spiked with EVR. Since proficiency-testing programs have difficulty obtaining samples from patients treated with EVR, samples spiked with the drug are often used. In addition, although external "pooled patient" proficiency-testing samples are very useful, they can also give an underestimate of errors that may occur in individual patients, as pooling blood tends to average down the magnitude of error that may occur in individual patients due to matrix effects. Therefore, confirmation of immunoassay measurements using a chromatographic reference method and real (nonpooled) samples is advised when starting application to patient samples and in particular situations (eg, on a monthly basis) when large individual deviations are suspected.
Recommendations: Method Calibration and Proficiency Testing
• Laboratories involved in TDM of EVR should participate in an external proficiency-testing program to allow continuous cross-validation and proof of analytical quality (eg, Analytical Services International Ltd, www.bioanalytics. co.uk or iC42, www.zortracker.com). In addition to spiked whole-blood samples, proficiency-testing samples should include samples without EVR and pooled samples from patients with different clinical indications for the drug, preferably including both transplantation and nontransplantation indications.
• In addition to participation in external proficiency testing, further actions are recommended to avoid calibration bias. These include the use of commercial whole-blood calibrators and QC materials (preferably from sources independent of the method manufacturers) and, periodically, the investigation of split specimens (as fresh material and after freezing) to control for calibration bias because of discrepancies between the matrices of the calibrators/controls (frozen) and the patient samples (fresh) if applicable. Development of a certified reference material would also be beneficial.
CONCLUSIONS
Therapeutic use of EVR has increased steadily since its development and now includes a broad spectrum of transplantation and nontransplantation indications. Because EVR has a narrow therapeutic index, TDM is mandatory in most clinical indications to avoid under-immunosuppression or over-immunosuppression, and to minimize the occurrence of adverse effects. The goal of this consensus report was to provide evidence-based recommendations for the optimal implementation of TDM of EVR in clinical practice. In particular, this report focuses on the best practice for TDM of EVR to allow treatment individualization. Recommendations are provided for therapeutic applications supported by a sufficient level of clinical evidence with TDM. Although there is much experience with TDM of EVR in de novo kidney transplantation and heart transplantation when EVR is combined with CsA and GCs, additional data are required to support the use of TDM of EVR with other cotherapies and in other transplantation types, and also in nontransplantation settings. Appropriately designed clinical trials have been initiated and their results are eagerly awaited. Further prospective studies are encouraged, for example, to evaluate the potential benefit of TDM for EVR in situations requiring long-term therapy, such as breast cancer or TSC. From an analytical perspective, both the development of alternative assays to facilitate measurement of EVR on site and efforts to improve method standardization should be fostered.
